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Introduction

40
The worldwide trend of increasing environmental standards, particularly in sewer coverage, 41 entails the production of excess sludge, an inevitable by-product of biological wastewater involve external anaerobic (Chon et al., 2011; Chudoba et al., 1992) or anoxic (Coma et al., 71 2013; Saby et al., 2003) reactors have been discussed in the literature. Laboratory-scale OSA fed 72 with synthetic wastewater have shown promising sludge reduction (e.g. 50-80%) (Chon et al., 73 2011; Saby et al., 2003; Sun et al., 2010) . However, these high sludge reduction values have not 74 been realized in full-scale systems (Coma et al., 2013) . In a previous study, 30% reduction in the 75 sludge yield was achieved by a laboratory scale OSA system using real sewage (Semblante et al., 76 2015a). OSA performance is influenced by different operation conditions, such as oxidation 77 reduction potential (ORP), sludge retention time (SRT), and sludge loading rate of the external 78 reactor (Coma et al., 2013; Saby et al., 2003; Ye et al., 2008) . To date, the manipulation of these 79 parameters have only resulted in variable success (Coma et al., 2013; Saby et al., 2003; Ye et al., 80 2008).
81
To improve OSA performance and ensure reliable performance for the water industry, it is were able to achieve an enhanced sludge reduction (from 53 to 77%) by increasing the 95 frequency of return from once per day to four times per day while maintaining the SIR between 96 an SBR and an external anaerobic reactor at 10%. Given the inconsistent trends reported in the 97 literature, it is worthwhile to systematically investigate the impact of SIR on OSA performance.
98
Additionally, influent COD concentration affects biomass growth and substrate consumption 99 (Gómez et al., 2006) , but its impact on OSA remains to be evaluated. Thus, a systematic 100 investigation under different influent COD concentrations is essential to assess the performance 101 of OSA in plants with and without primary sedimentation.
102
To address the aforementioned research gaps, this study aims to systematically investigate the 
Reactor configuration and operation
Two systems were operated in parallel: the first consists of SBR control (5 L) attached to a single- 
127
The aerobic digester of the control system ( Figure 1a ) was continuously aerated using an air 128 diffuser. The SRT of this digester was maintained at 20 days by regular sludge wastage (Q out ).
129
The aerobic digester was fed with sludge from SBR control thickened to 5-10 g/L by centrifugation 130 for 10 min at 3,267xg (Q in ). The supernatant produced by the thickening step was discarded.
131
In the OSA system (Figure 1b) , the aerobic/anoxic reactor was intermittently aerated (i.e., 8/16 132 hours aeration on/off) using an air diffuser placed at the bottom of the reactor, while the anoxic 133 reactor was kept airtight using a silicone-lined cap with inlet and outlet ports. The aerobic/anoxic 134 reactor was fed with sludge from SBR OSA thickened to 5-10 g/L (q 1 ).
135
Thirty-three percent (33%) of sludge from the aerobic/anoxic reactor was transferred to the 136 anoxic reactor (q 2 ), and 67% was discharged to achieve a total SRT of 20 days (q 3 ). The sludge 137 discharged from the aerobic/anoxic reactor was thickened to 16-24 g/L by centrifugation for 10 138 min at 3,267xg. The supernatant was returned to SBR OSA , and the pellet was discarded. Sludge 139 from the anoxic reactor was returned to the aerobic/anoxic reactor (q 4 ) and SBR OSA (q 5 ).
140
The control and OSA systems were initially operated for 151 days using settled sewage as feed, 141 during which steady-state was achieved. Then, to observe the impact of SIR on OSA performance, the SIR between the anoxic reactor and SBR OSA (q 5 ) was adjusted to 11, 16.5, and 143 22% by volume (Figure 1b) The reduction in sludge yield due to OSA was estimated using Equation 2: MLVSS of sludge were measured using the APHA Standard Method 2540 (Eaton et al., 2005) .
167
The sludge volume index (SVI) was measured using 1000 mL of sludge according to APHA by passing samples through 1 µm filter paper followed by measurement using a Hach DBR200 Figure S4 ), confirming that SIR had negligible impact on sludge settleability. at an SIR of 11%, and the sludge yield data (Table 2) further demonstrated this trend. Figure S5) shows that the highest sludge yield reduction (i.e., 53%) was 205 attained at an SIR of 11% (Table 2) . Although a systematic investigation of SIR is not available been also reported to improve the performance of anaerobic digesters possibly by influencing the 241 activity of hydrolysing bacterial groups (Mao et al., 2015) .
242
To determine the performance of OSA at an SIR approaching zero, the interchange of sludge 243 between SBR OSA and external reactors was stopped (i.e., there was no SIR). At this stage,
244
SBR control and SBR OSA were essentially under the same operation conditions, and therefore they 245 eventually exhibited a similar sludge yield (Table 2) .
246
To determine the repeatability of the findings, SIR was resumed at 11% with unsettled sewage 
Analysis of sludge reduction mechanisms
267
To understand the impact of SIR on the sludge reduction mechanism of OSA, the volatile solids, 
299
In the current study, a relationship between SIR and nitrification has been observed: a net 300 increase of ammonia occurred in the aerobic/anoxic reactor when SIR was 22% but not when it 301 was 11% ( Figure 5 ), indicating that the former condition did not favour nitrification. (Figure 4 ). This low MLVSS/MLSS ratio suggests that the external anoxic The highest removals of ammonia (62-74%) and nitrate (17-21%) in the external aerobic/anoxic 331 reactor were observed when SIR was 11% and the feed was unsettled sewage. In contrast, no 332 removal but rather an accumulation of ammonia and nitrate occurred when SIR was 22% 
Role of sludge interchange in OSA
346
In the absence of SIR, there was no influence of the external reactors on the main bioreactor, Figure S8 ). Furthermore, when the circulation between SBR OSA and the external reactors were The Y obs of the control and OSA systems were determined. The synthesis of cells in the aerobic digester and OSA may occur even under limited substrate conditions when microorganisms consume products of cell lysis, so those reactors may also contribute to MLVSS production of the whole system. The MLVSS production of the control (P control ) and OSA (P OSA ) systems were calculated using Equations S.3 and S.4, respectively:
wherein MLVSS AE/ANX or ANX is the biomass concentration of the aerobic/anoxic and anoxic reactors, V AE, AE/ANX or ANX is the effective digester or reactor volume, Q out is the flow rate of sludge wasted from the aerobic digester, and q 3 is flow rate of sludge wasted from the aerobic/anoxic reactor. Notably, the sludge interchanged within the external reactors and between SBR OSA and external reactors were retained in the system hence it is not necessary to deduct those sludge flows from the calculation of P OSA .
The amount of substrate consumed C by individual SBRs, and the control and OSA systems was calculated according to Equation S.5: 
